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PREFACE.

In the following pages I have brought together such of my experi-
ments on the viscosity of solids as have an immediate bearing on the
molecular mechanism by which viscous motion in solids is promoted.
The bulletin is therefore a continuation of the previous publication
(Bulletin 73), in which the phenomenon of viscosity was considered
more particularly with reference to its physical manifestations. Most
of the chapters of the present work are short, and a preliminary survey
of the work done can be expeditiously made by consulting the table of
contents, :

A C. B,
15






THE MECHANISM OF SOLID VISCOSITY.

BY CARL BARUS.

CHAPTER I.

TENSILE, DRAWN, AND OTHER STRAINS IN THEIR BEARING ON
MAXWELL’S THEORY OF VISCOSITY.

INTRODUCTORY.

1. It is known that the effect of drawing metallic wires through
a draw-plate is a marked decrease of the viscosity of the originally soft
metal. The diminution increases with the intensity of strain imparted.
It is not so well known that the viscous effect of a tensile strain applied
in any degree to the same originally soft metal is after straining almost
nil in comparison. Kohlrausgh! and his pupils, Streintz* and others,
more recently and in extensive researches Mr. Herbert Tomlinson,?*
have occupied themselves with these phenomena. The results of these
observers are in general accord, and agree well enough with my work
that special publication of new data might appear superfluous. Never-
theless, as steel has been but sparingly dealt with, and as results fitting
at once into my diagrams are essential to my purpose, I have found it
desirable to communicate them. Apart from these considerations the
observations which I need must be made with minute reference to Max-
well’s theory. In this respect the earlier work is seriously lacking.

The striking difference in the permanent viscous effect produced by
the action of the two strains is particularly surprising, because the
strains are imparted by mechanical processes not altogether dissimilar,
The action of wire-pulling, however, accompanied as it is by surface
compression as well as longitudinal extension, is conducive to the per-
manent, retention of high-strain intensities, because it imparts to the
wire an arched structure. In steel, at least, there is a dense shell sur-
rounding an unusually rare core in such a way that the density of the

1 Kohlrausch’s original and fundamental researches are given in my earlier papers. Here I need
refer only to Schroeder, Wied. Ann., vol. 28, 1886, p. 354.

2 Streintz, Pogg. Ann.,vol. 153, 1874, pp. 395, 396, 411.

8 J. Tomlinson, Phil. Trans., 1886, vol. 2, pp. 801 to 837. The variety of strains and motals examined
in this paper give it unique value as regards the subject of the present section.

Bull. 94—2 17



18 'THE MECHANISM OF SOLID VISCOSITY: {BULL, 94.

whole mass is materially lessened.! Conditions favorable to the reten-
tion of high-strain intensities are also conditions favorable to the
occurrence of molecular instability. Hence the marked loss of vis-
cosity of a drawn wire, as compared, c@t. par., with a soft wire. This
premised, it appears that in the case of a wire hardened by simple trac-
tion the strain retained after traction is of insufficient intensity to be’
accompanied by marked molecular instability. More rigorously: if the
wire during traction has experienced a strain S, which strain after the
tensile stress is withdrawn diminishes to S/ (S>8/), then the wire need
exhibit no change of viscous quality. For in the above cases of ther-
mal annealing and torsional motional annealing (§§ 2, 9), the greater
tensile strain S, supposing its action sufficiently prolonged, has wiped
out all motional instability for strains 8/<S; so it follows here that to
evoke viscous deformation by aid of tensﬂe strains, the wire must be
examined during traction, and preferably under conditions of strain
near the limit of rupture. '

. APPARATUS,

2. The apparatus used in these experiments is shown in Fig. 1, in
which ab and cd are the two steel wires.to be counter-twisted. The
system is fastened above and below to two massive torsion-circles, A
and B, respectively. The inner ends of the wires are joined by a strong
brass rod be, carrying a symmetrical circular platform near the lower
end, on which the lead scale-weights C €’ C”, ete. (4 kilos. to 5 kilos.
each) may be supported. In order tosfacilitate quick work, the con-
necting rod be is provided with a pair of cross-vanes, D, D/, submerged
in the water contained in an annular trough, fgik f’¢g’¢s’. Finally, the
mirror m adjustably attached to the rod be (readings by telescope and
scale) indicates the difference of viscous motion of the two wires in
consequence of a fixed rate of twist stored between A and B. I may
add that the rod be can easily be chosen light enough, compatibly with
strength, to introduce no viscous effect of its own.

DATA FOR DRAWN WIRES.

3. The data to test the above are given in the following tables, of
which Nos. 1, 2, 3 exhibit the behavior of some drawn steel wires. .In
each case the comparison is made with my steel normal No. 15 (the .
lower wire in F'ig. 1, An. 450° and twisted to permanent viscous quali-
ties). The drawn wire in Table 1 is in the moderately resilient bright
commercial state, very soft to the file. The wire in Table 2 has been
drawn down from a larger diameter and the same state of hardness to
an extreme of brittle resilience. The wire of Table 3 finally was first
softened by heating to redness in air and then drawn down to brittle
resilience. Dimensions are given in the tables, p being the radius and !

1 Cf. Baumeister: Dissert., Wiirzburg, 1883,
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and ¥ the lengths of the wires. L=141. The impressed rate of twist
. inradiansis given under . The observed permanent torsion is 2(¢p+ ¢’).
0 and ¢’ are the temperatures of the drawn and normal wires respec-

SO 7

Jo ¢

1]

m i
. , o

—C

~c”

7
70 a C ’,p gl
3 D’
", ,
(2 e v

Fig. 1.—Apparatus for comparing viscous deformations.

tively. The former is constant, the latter (¢’) at first 300, and then
1000; so that the examination is made at two temperatures, in order
to compare corresponding viscous effects of the drawn strain and of
temper. As will be more fully shown below, § 5, 4 2(¢ + ¢’ (=2r/ L,
and {¢ — ¢’)/7 is the viscous deformation indicated by the mirror, per
unit of length of system, per unit of =z It must be borne in mind (cf.
§13) that(p —¢’)/~ is a function of r, for which reason the same rate of
twist is applied to the wires throughout; applied, moreover, positively
and negatively for each value of ¢’. Finally, after testing the wire in
the drawn state, it was softened by heating to redness in air and again
tested. In this case viscous motion at the mirror nearly ceases, thus
affording an excellent check on the validity of the experiments,
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THE MECHANISM OF SOLID VISCOSITY.

TABLE 1.—Viscosity of hard-drawn steel wire compared with soft.

2p=="082 cm.; L=I41'=230 cm. 4 30 cm.

‘Wire drawn moderately resilient. Same wire annealed at red heat in air.
—d! —d'

o srey | Time. ff—"’xm3 ’ 2orey | Time. i‘ff—"“xlos

h. m. h. m.

30 1041 | 136 30 +°1034 | 308
30 38 00 30 : 10 +°00
39 | 1:08 1 ‘10
44 333 13 07
- +0037 48 443 16 ‘10
+ +0014 20 ‘14

30 —0989 | 151 30 —-1019 | 322
30 53 — 00 30° 24 + 00
' ; 54 —1-01 25 -00
i 56 —2:35 27 -03
: {50 —3'58 80 |» 07
— 0038 63 —4°61 — 0028 34 07

100 40989 | 224 100 41047 | 400

30 26 -00 30 02 00
27 2:83 03 ‘33
29 653 05 -78
32 10-28 08 1-31
+ 0058 36 13:60 + +0000 12 144

100 —0931 | 239 100 —-1004 | 413
30 41 -00 30 15 — 00
42 3-03 16 —33
44 7-07 18 —-88
— 0116 47 10-77 — 0043 21 1°65
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VISCOSITY OF DRAWN STEEL.

TABLE 2.—Viscosity of hard-drawn steel wire compared with soft.

2p="082 ¢cm.; L=1+1=30 cm. 4-30 cm.,

‘Wire drawn (2p=:"13 cm. to 08 ¢m.)

very resilient.

Same wire annealed at red heat in air.

—. —h!
) z, 2(¢l¢,) Time. ¢T¢L X103 2, 2(¢_:_¢,) Time. ?-‘r—¢'—xlo3 :
h.m. h.m.
30 + 0959 | 5 52 30 (. —-1019( 182
30 - 54 00 30 34
. 55 437 35 —-00
57 10°10 37 t—13
60 11568 40 —17
63 19-46 — 0028 44 —-20
40087 | 6 30 34:47
30 ~—+0916 | 6 32 30 41034 [ 145( .
80 M — 00 30 47 +°00
" 85 — 472 48 -10
, 37 —1050 50 ‘10
40 —16-16 53 ‘15
—-0131 | 44 —20-88 - 0014 57 21
100 40916 | 6 52 100 —-1019 | 200
30| 53 00 30 02 — 00
54 16-80 03 — 47
55 27-30 05 — 0
56 34:50 08 —1-28
40131 | 567 39-05 —+0028 12
100 —+0873 | 6 58 Accijdent.
30 59 — 00
60 —16-80 B
61 —26-30
62 —33-70
— 0175 63 —39-40

21
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THE MECHANISM OF SOLID VISCOSITY.

PABLE 3.— Fiscosity of hard-drawn steel wire compared with soft.

2p="082; l=I'=cm.; §==6'30°, Wire drawn (2p="13 to ‘08 cm.) very resilient.

(2¢f|_¢:) Time.’ }OSX ($—¢")/7 2(¢_1;_¢,) Time. | 103X (p—¢)/7
| Rk.m. k. m.
+-009] 840 409 | 517

a1 -00 18 00

2 377 19 283

43 639 20 4d4

44 830 21 |- 580

‘ 45 980 22 680

. 46 1110 23 770

+ 006 47 12:20 24 840

+ 006 25 910
—-099 5 02 — 099 535

T 04 — 00 36 — 00

05 - 270 37 —236

06 — 465 38 -377

07 — 606 40 —580 !

08 — 7385 —-+006 45 —890
09 — 840 +-099 | 546

10 — 930 47 00

— 096 12 —10-90 48 210

49 336

50 430

52 573

++006 56 770

[Buit. 94,

In Table 4 I give results for the viscous effect of moderate values of
The pull on the
strained wire (the normal being No. 15) is indicated in the first column
in kilogrames. The maximum -pull which these wires will bear was
computed to be between 30 kilos. and 50 kilos. It was found to be 45
kilos. in some cases experimentally. Inasmuch as I here apply 84
kilos., the pull applied is 17 per cent to 25 per cent of the load producing

tensile strain on a plan identical with the above.

rupture.



-

BARbs.] Y1SCOSITY OF STRETCHED STEERL: 23

TaBLE 4.—Viscous effect of moderate traction.

Soft steel wire. 2p='082 c¢m.; {=I'=30 cm.; 6=6'=30°; v="100,

Pull, Time. | 103X (p—o)/T Pull. Time. | 103X (¢ —¢')/7
Kilos. I m. Kilos. h.m.
0| 513 48| 559
15 00 ¢ 01 -00
17 03 0| . . 07
20 ‘10 .0 —07
24 ‘13 10 -8
29 17 23 —27
35|, 18 3 | — 40
24! 5386 00 84| 632
37 07 47 00
38 18 |f 7 09 R
40 23 23 —27
43 - 28 21 00 —07
48 21
52 40
58

The results of Tables 1, 2, and 3 clearly show the marked influence
of the drawn strain in effecting diminution of viscosity, Wires drawn
only moderately resilient are of the same low order of viscosity as glass-
hard wires. Again, if the wires are drawn very resilient the reduction
of the viscosity of the originally soft wire is enormous. To eliminate
the effect of different degrees of softness, I also drew down a wire after
heating in air (Table 3). The, results are in accord with Tables 1
and 2. o S -

Some insight into these results is expeditiously obtained by con-
structing tangents at like time-points of the curves. This is approxi-
mately done in the small summary following (Table 5), by subtracting
the values of (¢—¢’) /= for the beginning and end of the second minute

"after twisting. Similar values for stretched -wire are given in the last

two columns, kg. denoting the load.

°

TABLE 5.—Digest for the hard and soft wiresin Tables 1, 2, 8, and 4.

I}

Drawn. Soft. i Drawn. Soft.
[} r 9 T

—d ! —d —d!

A't’-»;r-‘?—x 100 | a2=% 10 af=¥5x10 | 220
T T T
30| +10 108 20 80| +-10 es7| 00 |
30| —-10 —101 —00| 80| —-09 —472 —0
J o100 +10 2:83 33 || 100" +-09 1050 41

100 | .—-09 —303 —33| 100 —-09 T — 950
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TABLE 5.—Digest for the hard and soft wires in Tables 1, 2, 3, and 4—Continued.

Drawn. Stretched.
L4
0 T ,¢ kg, T py
L =d . - —o¢'
AT X108 . AT X 10°
. | : !
30 + 10 4262 0 *10 03 |
30 —-10 —2'70 24 ‘10 + 06 i
30 +-10 +161 48 ‘10 + 07
30 —10 | ~142 84 ‘10
30 + 10 . +1-26

From this table the swmall effect of traction in case of loads below
25 per cent of the breaking stress is specially manifest; an effect negli-
gible in comparison with the diminution of viscosity due to the drawn
strain. TFor the-sake of orientation I may assume that corresponding
values of A(¢p—¢’)/7 for glass-hardness wouldat 30° be about 1/10° to
2/10°—that is, about equal to this quantity in the case of a moderately
resilient wire. In general, the results for the drawn strain both at 300
and at 100° corroborate and accentuate the results already obtained
for temper!, so that the further discussion can be made as in my earlier
papers, and may be waived here. I add only that the effect of drawing
in case of steel is a decrease of the density of the soft metal; for in-

© stance,
Rods. . . A. B. c.
Originally soft . . . . 776 772 7-68
Drawn very resilient . . 772 - - 7-64 764
Softened after drawing . 7-80 . 773

It appeai's that in this respect also the drawn strain and temper are
similar.
DATA FOR STRETCHED WIRES.

.

4. Returning to the case of simple traction, the changes of sign of
(p—¢')/7 suggesting increase of viscosity for loads slightly greater than
b kilos., indicate that here, as in the case of motional annealing due to
torsion, the initial effects aré an increase of viscosity. Nevertheless,
the obscurely small viscous variations due to traction do not admit of
interpretation, unless supplemented by data for very much larger loads.
Again, it is desirable and quite feasible, by aid of the apparatus dis-
cussed above, to operate cyclically; in which case the results must be
such as to bear on the lag-quality of solids under stress.

In the following table (6) I have therefore inserted some data for
larger pulls. Traction increases successively as far as 90 per cent of
the breaking stress. It will be superfluous to give more than a few.
typical examples; and the tables can be further abbreviated, becanse in
the stress-decreasing phase of the cycles the viscous effect of loads P

! Phil. Mag., 5th. ser., vol. 26, 1888, p. 205 et seq., cf. Bull. U. S Geol. Surv. No. 73, Chap. 11, 1891.
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below the maximum employed is nil, § 1, and therefore sufficiently
given by the final load zero. To retain a fixed rate of torsion, r, it is
necessary to twist the wires anew after each of the larger loads; in
other werds, to bring back the same scale-division into the telescope at
the outset of each experiment. Otherwise the torsion seriously de-
creases in consequence of the rapid viscous deformation of the loaded
Wie. TABLE 6.— Viscous effect of cyclic traction.

" Soft steel. 2p="081 centimeters; I=1'="30 centimetors.

—h! -
P | 1 | Time. ""—Tibvxw3 P | r | Time. ‘-"’—;ixm3
EKg.| Rad. | h.m.| Rad. Kg. |- Rad. | h.m.| Rad.
0| —10| 11 _ 0| +13| 1022
33 + 00 .28 00
20 +216 31 -60
51 +3:35 36 *00
9| —10| 1152 4 19
5 +000 gl 413) 1045
56 + 23 4 0
50 + 45 | © 38
64| 4 52 50 5
18| —-10.| 1164 55| 63
& WU gt 413 1066 .
7n — 12 50 0
8 — 37 61 05
27| —10] 1224 ); 6| . 08
27 — 00 68 12
30 —37l ey 18| 1109
37 — 48 10 00
T a6| —10| 1239 13 45
16 g
40 — 19 1:04
4 —1:64 R
53 —o53 || 86| 48| 1120
0] —10| 125 2 00
24 190
% 0 2 837
60 —#08 30 461
65 —507
78 —962|| 40| 413 1131
34 .
0 | 12 le—s)x16s o e
" ) 36 271
%  —10 jﬁ ::f;
27 —1750 s
30 —2120{ 0| +°18| 1142
45 00
0| ¢ 1382
4 *) o o 50 09
_ : ‘
37 —200| 0 0
39| —s0f o] +13] 20
I BRI
o2 b 13 —
55 + 30 -
3 80 +110

* Twisted again,
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TABLE 6.—Viscous effect of cyclic traction—Continued.

Soft steel. 2p=-081 centimeters; {=={'=30 centimeters.

P T Time: ‘b—:-i X103 P T Time. Q:i X 103
Ky. | Rad. | h.m. Rad. Kyg. Rad.! h.m. Rad.
20! +131 1214 38| +13] 1245 ]
15 . 00 47 00
18 00, 50 1-53
22 05 53 2:67
“24 07 56 379
28 09 60 C 521
29| +-13| 1280 . 42| +18) 101
31 00 04 00
33 11 07 91
36 25 10 149
40 33 1B, 198
44 4 17 251
Wire breaks at P—=46 kg.

In adding the successive loads care was taken to avoid vibration
and jarring; but without special machinery it is impossible to protect
the’ system completely against it. To this cause I attribute certain
irregularities of sequence which these and others of my results exhibit.
Their general significance is none the less definite. The effect of trac-
tion is diminution of viscosity, increasing: -atan accelerated rate in pro-
portion as stress approaches the limit of rupture. Indeed, by suffi-
ciently increasing stress, viscosity may be diminished in any degree
whatever. The singularly curious feature of these experiments is this:
that with the removal of load the viscous effect of traction almost en-
tirely vanishes. It is in this respect that the present experiments bear
directly on the truth of Maxwell’s theory; for it is only during the
interval within which conditions favorable to molecular break-up are
Sforcibly maintained that the wires exhibit a low order of viscosity of a
sufficiently marked degree to compare with the viscous effect of drawn
strains and of temper, where instabilities are structurally retained.

It follows, in general, that slight applications of mechanical treatment
(twisting, traction, etc.), inasmuch as they decrease in number the.
motionally unstable configurations of the soft wire, increase viscosity
(motional annealing). If this treatment is intensified beyond a critical
stage—in other words, if stress is increased sufficiently beyond the limits
of resilience and toward the limits of rupture—then viscosity is again
seriously decreased. For the action of stress has now become such as
to introduce its own specific 1nstab1]1ty, whereby viscous deformation
is again promoted.

INFERENCES.

5. Having thus substantiated the remarks of § 1, and shown that the
accordant results of the earlier observers and my own are such as fol-
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low naturally from Maxwell’s theory, it is expedient to give a graphic
répresentation of the more important differential data (i. e., differences
between strained and soft metal for each case of stress) in hand: In
figure 2 the viscous deformiation (¢—¢’)/7) produced by the action of
a fixed rate of twist r, is represented as ordinate, time as abscissa,
The material is steel, the originally soft state of which has been trans-
formed by temper (glass-hardness), drawn strain (wire-plate), tensile
strain, and torsion respectively. Curves are given for intense values
and for moderate values of stress. The nature of the problem ypre-
cludes greater definiteness as to stress data. In case of traction in-
finitesimally below the point of rupture, for instance, viscous deforma-

tion would occur with such extreme rapidity that its dla,gmmmatlc
representation would be a vertical line.

Again, in case of traction of sufficiently small value, the curve would
be a horizontal line coinciding with “soft,” or even a curve below it
(motional annealing)., In a measure this is true of the other strains;
and I have therefore expediently inserted the values for deformations
ac.ually found. '

The general outcome of the present. paper is this, that the-effect of
strain of whatever kind, applied in sufficient intensity to homogeneous
soft steel, is marked diminution of viscosity. Again, inasmuch as the
underlying cause of viscous deformation is the oceurrence of unstable
configurations the number of which is being reduced in the course of
viscous motion, Maxwell’s theory naturally suggests the applicability
of exponential equations for the description of the time relations of
such motion. From another point of view it appears that the loss of
viscosity experienced by a given metal, under action of a given kind
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